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ABSTRACT 

The program task was to develop a low cost blade concept, 
based on the NASA-Lewls specifications, and to evaluate Its 
principle characteristics. Its low cost features, advantages 
and disadvantages. A blade structure was designed and con- 
struction methods and materials were selected. Complete 
blade tooling concepts, various technical and economic anal- 
ysis, and evaluations of the blade design were performed. A 
comprehensive fatigue test program was conducted to provide 
data and to verify the design. A test specimen of the spar 
assembly, including the root end attachment, has been fabri- 
cated. This is a full-scale specimen of the root end config- 
uration, 20 ft long, and will be fatigue tested by NASA. A 
blade design for the Mod. ”0” system has been completed. 


OVERVIEW OF CONTRACT OBJECTIVES 

The design of large wind turbine blades have conflicting re- 
quirements and criteria. Cost is the most sensitive require- 
ment and structural reliability Is the foremost criterion. 

The basic design Is predicated on the premise that large blades 
should be an Industrial product of predictable performance and 
uncomplicated structure. In order to be successful, rotors 
must be capable of being produced In volume at reasonable cost. 
The Budd Company draws upon Its background and knowledge In 
fabrication of long-life carbon steel and stainless steel 
structures and mass fabrication of glass-reinforced structural 
parts. Fabricating techniques combined with a long history of 
successful product designs assures that the program objectives 
can be met. 
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BUPD DESIGN CQNCEPJ. 

In conventional doelgn, the leading edge ooetlon, or the D 
spar area of the b3ade, lo uaod to carry the operating loads, 
and the trailing edge is essentially non-structural, carrying 
air loads for the trailing edge only. The Budd design does 
not have a conventional forward D spar. The design uses a 
o<'ntrai spine spar that is essentially non-dimensional rela- 
tive to the aerodynamic surface; that is, It Is a simple, 
rectangular spar located within the envelope of the aerody- 
namic contours. This spar carries all the basic edgewise 
?,oadlng and all the basic flatwise loading and provides prl- 
nL.rlly all the torsional stiffness for the blade system. 

The leading edge and trailing edge fiberglass components are 
designed to distribute the air loads to spar and are segmented 
spanwlse to prevent them from having to carry high loads In 
the spanwlse direction due to spar bending deflections. These 
sections are bonded to the spar using an elastomeric adhesive. 
The illustration is an Idealized section cut at station 187 of 
the blade. There Is a center spar composed of spot welded 
stainless steel. This structure Is composed of top and bottom 
cap strips, two shear webs, one on the front and one on the 
aft side of the spar. This spar is built with a 10® twist 
from the root end to the outer end. The leading edge and the 
trailing edge of the assemblies are fabricated of fiberglass 
reinforced plastic composed of multiple pieces that are then 
filled with urethane foam. These fiberglass subassemblies 
are bonded to the spar at the four flange corners of the spar. 
The leading and trailing edge assemblies are also bonded and 
mechanically fastened at the high camber point of the blade. 
The leading edge of the blade Is protected by an elastomeric 
sheet to provide energy absorption due to Impact of hail and 
other abrasive elements. The leading and trailing elements 
are designed so as not to contribute significantly to the 
structural stiffness of the blade. 



TYPICAL SECTION 
WIND TURBINE BLADE 
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Shown la an exploded view of the apar aoaembXy. The 
compoaod of four oub-aaaomblloa, an upper and lower cap 
Plate aaaoinbly and a front and rear apar web aaaombly. The 
aoloctlon of atalnloaa ateol and the apot weld proeoaa pro- 
vldoD a unique method by which the apar atlffnoaa can bo 
effectively tapered to provide a near uniform otroaa from 
the root end to the tip of the apar. Thla tapering la aj- 
compllahcd by the uae of tapered anglea that are apot welde 
together and are Joined to the upper and ^o^er cap atrip 
plate. The thlckneco of the top 

atcpa ualng a butt arc weld to Join each thlckneas. 
a opeclallzed process that was developed during the Budd 3 
testlnr program. This provides a weld of high reliability In 
flwgSI By oSntrolllng this taper, we are able to 

provide unlfoimi tapering of aa a 

section. The angles are first tapered In the blank and, as a 
result, there Is essentially no material lost. The angles 
are then formed and then spot welded to the ®®P 

This Is all done In the flat and then they are elastically 
twisted to match the 10® twist of the spar. The spar webs 
are composed of two angles and spar web. 
web are spot welded In place to 

There are two of these. These are also built flat ana eias 

tically twisted to form the 10® twist to the spar. 

assemblies are then assembled Into an 

the 10^ twist provided and are spot welded together. 

provides a vL^fflolent tapering of the spar without naehln- 

ing and at a very low cost, using rolled sheet material. The 

use of stainless steel also provides excellent P^®" 

tectlon for long life of the spar. *'frt^nMemhle 

low cost, reliable, efficient assembly process to assemble 

the spar at a low cost. 



ORIQINAt PACE IS 
OF POOR QUALITY 


The ixiuBtration shows a hi-eakout of all the major sub- 
assemblies of the blade. 



The illustration on the following page shows an exploded view 
of the leading edge and trailing edge assemblies. These as- 
semblies are composed of low cost layup of flberglass-r'=*inforced 
polyester. A commercial grade of this material is used. Fiber- 
glass elements are parasitic to the primary spar structxire and 
are used only to distribute the air loads to the spar. Their 
design requirements are minimal. To stabilize these elements 
for fatigue, the fiberglass elements are filled with a semi- 
rigid, urethane foeun of approximately 2 1/2 pounds per cubic 
foot density. This provides a light-weight, well-damped struc- 
ture for the leading and trailing edge assemblies and prevents 
aerodynamic flutter of lightweight surfaces. This design permits 
accurate dimensional control of the aerodynamic surfaces at low 
relative cost. 
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A study to determine whether the basic 
could be utilized through the entire range of 

made. The basic concept of a rectangular spar inside the aero- 
dynamic surface carrying the principal loads with 
ao?^ynamlc elements directing the air 
be applied to the entire range of blades. 

below^shows the blades that were reviewed in this study. Us- 
ing the present configuration, With a 

we would use a stainless steel spar from the 60-foot size blade 
Sown ?o thf smaller slses. The advantaB® of the skinless steel 
soar is the ability to taper and spot weld the assemblies to- 
gether at low cost^and with good corrosion resistance the 

thinner gage materials needed on the smaller blades. Prom the 
60-foot blade on up, we would use a high strength, low alloy 
carbon steel for the spar. The reason for this is that the 
gage of the materials will be out of the range of Jhose pro- 
ducible in stainless steels, 'thicker gage cryogenic stalnle^ 
steel material might be used, but we do not think this would 
be economically feasible in the larger size. 
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The illustration below shows the basic spar configuration for 
the 60-foot blade. This is constructed of 301 1 /h hard .125 
thick stainless steel. Also shown is the general configura- 
tion of a spar of 200 ft length. It was basically the same 
design concept used for a 150-foot blade. 



SPAR ROOT END OF 60* 6U0E 




SPAR ROOT END OF 200 FT BUOE 


Our first cursory judgements are that it may be more practi- 
cal to produce, at a lower cost, a multiplicity of smaller 
blades rather than a low quantity of larger blades for the 
same power output. Since the blade is only a small percentage 
of the total system, this conclusion may not hold when the 
whole system is considered. 

Larger blades enter into an area of manufacturing which Is be- 
yond the present state of the art in many areas. To provide 
a good, low cost design will require considerable investiga- 
tion. In the area of transportation, a blade up to 85 feet in 
length can be shipped In one 

Above that size, the blades would have to be shipped in multi 
ole pieces. This, of coiirse, increases the problems of design 
of the blade. Inasmuch as this would require spar joints out- 
board in the blade thaT would have to have the same degree of 
reliability as the rc.o fitting. This can add considerable 
weight and cost but can be done. We are doing further Investl 
gatlon into the effects of varying lengths on design and their 
relative cost and weight. 
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In this flection* vre present a stawnary of the fatigue test 
pro^^ and the structural analysis. It covers the test- 
ing and the development of the allowahle stresses used In 
the design. Summarized are the structural properties of 
Ibl Testing of the flberglaes otruotwee are 

discussed. The fatigue test program 

final blade design configuration were ^ 

on October 20, 1980. The Illustration shov/s the ^ 

tlon developed for the fatigue testing program. Considerable 
development was required to be 

fatigue tests on the large full scale test specimens. 
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Parallel with the NASA full scale test element P^°er^» 

Budd Company has conducted an in-house fatigue test program 
ob?a?nLg term fatigue data on 301 stainless steel an^ 

the effects of Joining techniques ?ables 

See the following series of Illustrations ana taoies 

for the* test results. We have used data from 
supplement the full scale testing conducted under the NASA 

contract . 

The 301 test series has been used to obtain base metal Pi’JP- 
ertles. All tests were r\m to 10 million cycles or more In 
tension -tension fatigue at +0.1 R value. Data presented 
are the minimum values without failures and have been ® 

to the blade design level of -0.5 R value using Goodman dia- 
grams. 
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BASE LINE TEST 
RESULTS 



301 Ui HARO STAINLESS STEEL 
BASE UNE 


DATA i 49000 RSJ. CYCLIC STRESS -iS R UALUE 


. BUTT ARC WELD COLD REDUCED 


DATA ±24000 P.&l. CYCLIC STRESS R VALUE 


SPOTWELDS IN SHEAR 

« 


DATA ±5623 LBS CYCLIC LOAD PER 
WELD. SINGLE SHEAR. 

FULL SCALE CONFIGURATION TEST RESULTS 

MULTIPLE LAYERS OF 301 STAINLESS STEEL 
SPOT WELDED TOGETHER 

DATA ±21000 P.S.I. CYCLIC STRESS -3 R VALUE 



DATA ±16000 RSI. CYCLIC STRESS -.5 R VALUE 
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TEST PROGRAn CONCLUSIONS 
OP SOI l/H HARD STAINLESS STEEL AND <ilS0 STEEL 
SUnnART OF TEST LEVELS AT 10 MILLION OR MORE LOAD CYCLES 
ADJUSTED FOR *R* VALUE OF -.5 



Tew 


Desion Auowable 


Tew Value 

(802 op Test Value) 



Shown in Cyclic Stress 

f 

'■ ^ 

u 

Base Hetm. GOl 1/A H Stainless Steel) 

- 49,000 PSI 

- 39,200 PSI 


Base Metal (Butt Arc Melded t Cold Horked) 

- 24,000 PSI 

- 19,200 PSI 

... ■ \- 

Base Line Spare - Spot Melded 

- 21,000 PSI 

- 16,800 PSI 

" ! 

Max Shear Loads in Spot Melds (R - ♦.!) 

- 562.5 

• 450 



(Cyclic Load 

(Cyclic Load 

’ . 


Per Meld) 

Per Meid) 

' V 

Root End Ahachhent • Arc Melded 

- 16,000 PSI 

• 12,800 PSI 

; " •; 

A130 Cnrohe Molt Steel 

- 38,000 PSI 
(Chart Value) 

- 30,400 PSI 

V ■ 

These are the maximum allowable stress levels permitted in the spar 

FOR PINAL design. 


SUMMATION OF COMPUTED STRESSES IN THE SPAR 



S*TA, I Wt^ Cap* 
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.12.6 I 89^0 11,000 I4,3<^0 --.sa IS 
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SOO 1.090 .106 


412.5 


.090 .090 


S2.8 


.06,0 .090 


631.5 .090 j .090 


«309 19,000 2>l,266 -|0,*n9 -.SO (O^tST 


LOIS'S 14,900 3l,OS9 -1647 -.99 Off 1 97 



12,303 20,179 -4649 





9270 A9>S9 19,287 -99.1 -.oS 74t»5 
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The following series of charts describe the basic loads used 
for the design and the structural properties of the spar. 


EDGEWISE BENDING LOADS 



Computed blade assembly natural frequencies are 1.86 Hz In the 
flatwise direction and 2.15 Hz In the edgewise direction. 

A test specimen was designed and manufactured to be used to 
determine manufacturing feasibility for the aerodynamic sur- 
faces and to provide the fatigue test data for the system. 
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^he llluetratJlon lists the basic waterials used for tbe aero- 
dynamic surfaces and sbovrs the test specimen used to evaluate 
the fatigue strength of the system. Weights were bonded over 
the aerodynamic surfaces equivalent to 1/2 the maximum aerody- 
namic load distribution* The specimen was then cycled t ^ ^ 
to produce a 0 to 1 G load factor for the aerodynamic load and, 
as a function of the mass of tho tost specimen, a cyclic load 
of f 1 Q for the mass of the section. Additional tests wore 
run as shown in the summary data on the next page. Tho results 
of the tests are excellent and indicate the design is conserva- 
tive. 



ONE FOOT WIDE BLADE SECTION 
USED FOR FATIGUE STRENGTH EVALUATION 


RATEIUALS OP AERODYRAniC SURPACO 


BASIC MTCRIM. ...... GIASS ReiNFOKED PQLVESia 

NITil ITS lUN. QUSS COtfTQir 

.OSO CQWERClAl SMEET III AM 

COmERClAL UY-UP (.060 TO .USI 

RIGID URETHANE FOAH 
(NOBAV CHEMICAL CO. NI-2STSSIAI 


ADHESIVE 


TRAILING EDGE SKINS 

LEADING EDGE SKINS AND INNER aiANNEU . . 
FOAH (2-1/2 U. DENSITY . . . . 
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3-n TW COMPONENT ADHESIVE 
(EC-3»9 B/A) 


ORIQINAl, PAGE 18 
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SET UP FOR STA. 187.5 FATIGUE TEST 


tOAD W»UU ©a 
OTO eqUWEUEKiT 
POR T*4E OI^TPVQUTeO 



SUMMARY DATA 

TESTING OF FIBER GLASS AERODYNAMIC SURFACES 

DESIGN LOAD SO LBS. PER SQ FT. PROOF LOAD 
FATIGUE TEST 
TEST 

AERODYNAMIC LOAD EQUIVELANT FROM 0 TO DESIGN MAX. 

MASS LOAD EQUIVELANT FROM 0 TO 2 G 

TESTED AT RESONANCE (APPROX. 18 CYCLES PER SECOND) 

11,000,000 CYCLES (NO FAILURE) 

TEST ^2 

AERODYNAMIC LOAD INCREASED TO -I TO i-Z DESIGN MAX. 

MASS LOAD INCREASED TO -2 TO 4-4 G 1,100,000 CYaES 
(INDUCED MINOR FAILURE IN URETHANE BOND TO SPAR) 

STATIC TtSl 

TEST 1 • loaded to 175 LBS. PER SQ. FT. (HO FAILURE) 

(COHTinUED 
NO REPAIR) 

TEST 1 - 2*1 «n. CREEP TEST AT 175 LBS. SO. FT. (110 CREEP) 

(COiniHUED) 


2H0 
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aoOT gMD TEST BEAM 

To provide oonflrmatlon of the spar design , a full scale root 
end test section has been manufactured, This specimen was 
designed to apply the design load to the root end attachment 
fitting and at a zone approximately 6 ft the root end 

to provide the maximum bending stresses In ^;he spar deter- 
mined by the analysis. 

Shown In the Illustration Is the deslgti nhe root end beam. 
Analysis has shown that one way to accomplish a representative 
test Is to apply opposing loads, This permits us to obtain a 
balance of the maximum cyclic stress on the spar and the maxi- 
mum shear load on the assembly (top and bottom assemblies to 
side assemblies) spot welds* At the same time, the maximum 
moment and stresses are produced at the root end attachment. 

The loads described Induce the maximum stresses used In the 
analysis. These are not the actual test loads. Testing levels 
will be adjusted to match NASA operating experience. 


ROOT END TEST BEAM 

TEST ZONE 
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COST STUDY 1 25 FT ROTOR 

A comprehensive cost and weight analysis of the blade design 
has been made. The design was processed In detail and we have 
costed the blade as a function of the Individual processes for 
each part and assembly. 

The table shows the cost and weights of the blade and major 
sub-systems based on 100 units per year. The final blade 
design weighs less than 2,500 lbs. 


COST ANALYSIS 

BASED ON 100 BLADES ANNUALLY 
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Based on the guideline chart from NASA, we meet the cost 
criteria of the program. The cost estimate Indicates a 
probably cost of approximately $13,150 per blade which Is 
considerably below the maximum allowable. See the chart 
and cost summary on the following page. 
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BLADE COST (OOLLARS) 


ORIGINAL PAGE (9 
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The chart below was supplied by NASA to provide guidelines 
for the cost envelope versus weight for any blade design. 


ESTIMATED COST SUMMARY 
BASED ON 100 BLADES ANNUALLY 


root ooCT 


••Md on rrodttotioA of 100 


Bladoo Annually 
com Cost 1,850 Ur Blodn 
/rooln froratod on \ 


c 


10 Taara rroduotiony 


Natoridl ^»(A0 
tebov 5,5t0 

Voola 1*815 

total 11*385 
51 OlA 570 

total Coat 11*955 

105 trofit 3*195 

coat I Profit 13.150 for Blado 



BLADE WEIGHT (LBS.) 

COST VERSUS WEIGHT DIAGRAM 

KOiT CURVES mOM BASK NAS. DATA) 


CQiiCLU&IQN 


The Budd Company completed Phase I of the contract. The 
Phase II program (Building of a Plight Set of Blades) Is 
on hold pending future decisions on the need for blades 
for 125 ft diameter rotor systems and the funding for such 
systems. The trend of the wind energy program to build 
larger systems In the 300 ft rotor size requires further 
design study. We are very encouraged with the overall de- 
sign concept and Its many advantages when applied to larger 
systems. The concept permits the use of more complex air- 
foil systems with mlnimtun effects on costs. It permits 
modular construction of all elements of the blade system 
which significantly improves produclbllity when applied to 
high volume production. The Budd Company Is presently work- 
ing on designs for application to large rotor systems and is 
available as a supplier to build such systems. 
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